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Abstract:  The article proposes new technologies for diagnosing defects in the
main equipment of thermal power plants using shaft sensors. In online mode, static
and  dynamic  shafting  movements  are  predicted  during  start-up  and  stationary
operation of the turbine unit. To obtain a static line of the shaft, it is necessary to
know the geometry of the rotors and bearings and the conditions of their assembly,
the alignment of the bearings, compensating alignment of the rotors by half couplings
and the measured values of the ascent of the rotor necks. To obtain a dynamic line of
the shaft in order to predict radial impacts in the end seals and the flow part, vibration
readings of all sensors and sensors of absolute vibration of bearings and sensors of
relative vibration of the shaft are used. All types of automation and technical support
for repair work are listed.
Keywords:  performance,  vibration  level,  damper  bearings,  labyrinth  seals,
elastic couplings, vibration diagnostics, circuits, requirements, interference.
Introduction. In  currently,  the  possibilities  of  experimental  determination  of
rotor  vibrations  using  shaft  sensors  have  grown  qualitatively  .  Application  shaft
sensors allows you to solve a number of problems automatically, while in the absence
of shaft sensors,  these tasks require special measurements and do not provide the
necessary accuracy of the results of the prediction of defects or the required value of
the correction parameters (centering, gaps, thicknesses of the layers and the like).
First of all, we are talking about misalignment of rotors in half couplings, which are
unambiguously associated with misalignment of bearings. The latter, in turn, almost
uniquely determine the position of the shaft in the bearing bore. And the position of
the shaft in the bore of the bearings is uniquely associated with the static reactions of
the bearings. From here it is easy to switch to alternating voltages from the dead
weight  and  from  technological  deviations  in  the  alignment  of  the  rotors.  The
frequency of these voltages is 50 Hz. 
We are also talking about dynamic distortions of the rotors, which can be easily
measured  in  the  area  of  the  neck  of  the  shaft  using  the  same  shaft  sensors.
Approximating the shaft oscillations at any time by special numerical splines in the
form of functions similar to the Hermitian ones , we can estimate the instantaneous
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line of its dynamic deflection and estimate its additional bending stresses using the
second derivative. Since the phase of the oscillations of the shaft is fixed by a marker,
which is connected with revolutions, then with a predominant reverse vibration it is
easy to add up the temporary realization of stresses. It is also easy to add stresses
from unequal rigidity and other shaft defects, if they are fixed. The most difficult
situation is with non-synchronous oscillations, which do not make sense to talk about
the  phase,  but  for  any  temporary  implementation  for  the  stresses,  you  can  also
determine the spectrum and identify the contribution of the self-oscillating or any
other component. Usually we are interested in stresses in the shaft journals, welds and
half-coupling bolts. In addition, you can consider the stress state of the coupling half.
To alternating bending stresses, alternating torsional stresses can be added.
Such an approach will make it possible to control machines of any class that
have structural, operational, technological and any other random defects of rotors, the
appearance or development of which will immediately affect the changing trends of
rotors. Also, this approach will make it possible to assess the danger of a particular
defect or design flaw, establish criteria for their permissible value.
Some technical  problems:  Disadvantages  when  choosing  the  location  of  the
sensors. Around the world, the assessment of the technical condition of a turbine unit
is  carried  out  using  not  only  the  absolute  vibration  of  the  supports,  but  also  the
relative or absolute vibration of the shaft. In fig. 1
Fig. 1 Typical installation of two sensors for measuring absolute shaft vibration
typical installation of two sensors for measuring absolute shaft vibration (photo by
Olmasov A.A), which are installed on the Mitsubishi and Siemens turbines.
Two sensors are installed at an angle of 45 degrees. to the vertical as shown in
fig. 3. At all Italian stations for all types of large machines, balancing is carried out
only by absolute shaft vibration sensors.
The most information is carried by sensors installed in pairs in planes. A and B
(see Fig. 2), that is, in each plane a pair of mutually perpendicular sensors of relative
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shaft displacements is installed, which determine not only lateral displacements, but
also static and dynamic distortions of the shaft on the base length of the liners L P.
Fig. 2 On the issue of installing shaft displacement sensors
We assume that in Fig. 2 shows sensors that are mounted in a vertical plane.
Then  if  the  left  sensor  A  in  one  of  the  longitudinal  planes  counts  the
instantaneous gap S L, and the right S P, then the average instantaneous gap will be
obtained as:
S CP = (S L + S P) / 2.
We obtain the instantaneous slope of γ by the obvious formula :
γ = (SP - SL) / LP.
According to the sensors of relative displacements of the shaft, it is possible to
record  both  “static”  and  “dynamic”  movements,  although,  strictly  speaking,  this
separation is very arbitrary, since with large movements or unsynchronous vibration,
such a pronounced center (point) around which movement may not be. To determine
this point, one should take the first harmonic and for it determine the center point of
the corresponding ellipse. 
At the same time, highlighting the static component of the shaft displacements
in the bearing bores, it is possible to show how to determine the correct alignment of
rotors by half couplings using a special technique.
Since  another  pair  of  sensors  is  installed  in  the  longitudinally-perpendicular
plane, similar relations can be written for the horizontal plane, or the given relations
can be written in vector form. In the general case, as already mentioned, pairs of
sensors  make  up  an  angle  α  with  one  of  the  coordinate  axes,  e.g.  x.  Then  the
recalculation of the displacements from the rotated axes ξ and η to the axes x and y is
performed through the formulas of the linear coordinate transformation:
Consider  a  specific  example  of  installing  sensors  in  plane  A with  an  initial
clearance of 2 mm in the coordinates ξ and η rotated counterclockwise by an angle α
(see Fig.3) with initial static gaps ξ0 and η0. In this case, the pin lies at the lower
point of the surface of the lower half-liner. Let the positive direction of the axes η and
ξ selected up left and right, respectively. After the trunnion ascends in the steady
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state, the static gaps will be ξ1 and η1, then in the ξ and η coordinates the ascent will
be with the coordinates Δξ = ξ0 - ξ1 and Δη = η0 - η1 on the static equilibrium
(ascent) curve.
A pair of sensors in one of the transverse planes in the coordinates ξ and η
Fig. 3 vibration sensors measuring
After determining the coordinates ξ (t) and η (t), the spectral characteristics of
the relative displacements of the shaft (journal) relative to the bore of the liner are
determined. Selected reverse components (range of shaft oscillations) with a phase
relative to a single marker for absolute and relative vibration, after conversion to the
x and y axes, can be used to determine the absolute vibration of the shaft and to
predict the absolute dynamic line shaft. Then the corresponding vectors are added
according to the well-known rule of mechanics relative and absolute motion:  
 It is assumed that the absolute vibration of the support, measured at the bearing
cap corresponds to the displacement of the center of the bearing and, accordingly, the
movement of the center of movable equilibrium in the middle section of the journal,
that is, if vibration is used on the bearing cover, the latter should not be “flimsy,” that
is, its dynamic compliance coefficients measured on the cover and at the level of the
horizontal joint should not differ more than than 3-5%.This is graphically depicted as
follows (see Fig. 5). Let the vector А0/ϕ0 corresponds to the relative shaft vibrations in
the  same  direction.  Then  the  total  span  vector absolute  vibration  (see  Fig.  4)  is
defined as the sum of ААБС В / ϕАБС В = АОТН В / ϕОТН В + А0/ϕ0 . 
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Fig. 4 Schematic diagram of vibration sensors measuring
The trajectory of motion relative to the center of mobile equilibrium
Fig. 5 The trajectory of motion relative to the center of mobile equilibrium
Fig. 6 Total amplitude swing vector
Note 1:  oscillations made by the rotor  with absolute  accelerations cause and
determine  the  inertial  and  elastic  forces  and  moments  in  the  rotor  between  the
"Science and Education" Scientific Journal Volume 1 Issue 1
162 www.openscience.uz
supports. Therefore, when it comes to balancing the rotor, it is obvious that in all
calculations absolute shaft displacements and absolute sensitivities should appear.
Note  2.  The  “Four-sensor”  system  for  measuring  vibration  and  shaft
displacements (a pair of sensors on each side of the journal is, of course, the most
informative and most optimal for diagnostic purposes and for balancing.
In this case, both static distortions and the actual position of the journal in the
bearing bore, as well as dynamic distortions and lateral displacements are recorded.
Obviously,  the  more  independent  measurement  points,  the  more  conditions  and
equations  can  be  written  to  determine  the  points  of  the  actual  distribution  of
imbalance (see the special section below).
Note 3.— In practice, they are often limited to two sensors, or sometimes three.
In Russia, only at the Berezovskaya GRES a complete sensor system is installed. If
three sensors are installed, the third sensor is installed, for example, only in a vertical
or some other plane, then we can control the static and dynamic skew in this plane,
and the number of additional equations for balancing is reduced by half compared
with a complete sensor system. When installing one pair of sensors,  dynamic and
static  distortions  can be indirectly  estimated with a  large error  in  thermocouples,
fixing the babbitt temperature on both sides of the bearing bearing surface.
Note 4. After installing the sensors, their actual spatial position, including the
axial position and installation angles, should be fixed and placed in the appropriate
base for future use. Very often this rule is violated. (Somewhere there, the sensor is
installed. But they have already closed everything).
Note 5. The phase sensors are the same for the shaft and for the supports. For
reliability, they should be installed in a "quiet" place of the shafting, and preferably in
two places. It is impossible to hang all functions on one sensor (both the phase meter,
and the speed sensor for the control system, etc.), since if it fails, the most important
information is lost.  Such sensors must  be duplicated with the ability to switch to
another sensor automatically when the marker is lost.
 In  addition  to  the  above-mentioned  sensors,  other  sensors  are  used  in
monitoring  and  diagnostic  systems  -  mechanical  value  sensors,  torsional  motion
detection  sensors,  thermomechanical  value  sensors,  etc.  As  already  mentioned,  it
becomes possible to determine the stress state of the entire shaft line. To do this, you
need to determine:
-  thermomechanical  and  stress  state  of  high-temperature  rotors  due  to
temperature gradients in the field of centrifugal forces :
- cyclic stress state from its own weight and technological deviations from the
optimal alignment of the rotors;
- cyclic stress state in the elements of the shafting from various types of defects
during transverse vibrations of the rotors;
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-  cyclic  stress  state  in  the  elements  of  the  shaft  line  from various  types  of
torsional disturbances;
All  types  of  deformations  and  displacement  phases  in  modern  systems  are
counted from one timer, so the stress fields overlap with their phases, and we should
see the full on the trends.
“Online”  stress  state,  characterized  by  full  static  (or  slowly  changing)  and
variable components.
The initial information is the readings of the absolute shaft vibration sensors at
control points. In the absence of a complete system of sensors of static displacements
and absolute vibration of the shaft, it is allowed to summarize the readings of the
sensors  of  relative vibration with the sensors  of  the absolute  displacement  of  the
supports.
 Application of the method of superelements for determining stress in the span
between the supports
Next, we consider the methodology for determining the stresses in the rotor with
known parameters of the amplitude values of vibration on the shafts of the shafts. To
simplify, consider the oscillations of an individual rotor in one plane (see Fig. 7) at
the  ends  of  which  displacements  and  rotation  angles  are  known.  We  apply  the
superelement approach proposed inImagine, for simplicity, the rotor in the form of a
single superelement. Need to calculate a dynamic line the shaft line at any time, the
load in the supports and the voltage in an arbitrary section.
Fig. 7. To the method of application of super elements
We write for the ith rod step element of variable stiffness displacements in the
form of a linear combination of one-dimensional functions by analogy with Hermite
functions (Fig. 8):
ui = a1 iϕ1(x)+ a2 iϕ2(x)+ a3 iϕ3(x)+ a4 iϕ4(x) , 
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Where ϕ1(x); ϕ2(x); ϕ3(x); ϕ4(x) - numerical splines that can be determined by 
any methods, starting from the transition matrix method and ending with the FEM 
Fig. 8 Shape Functions of the Bar Stepped End Element
Through k, the equations of the elastic lines of the element are expressed for aϕ
unit deformation of the element in the direction of the kth degree of freedom and zero
displacements  in  direction  of  the  remaining  degrees  of  freedom,  therefore  aki
represent the displacements and rotation angles at the nodes of the element (at the
borders) in absolute motion. To ensure the necessary accuracy of the approximation
of dynamic forms at an arbitrary time moment under certain conditions, correction
coefficients for each of the functions i (X) may be required. Ways to obtain suchϕ
factors are not  discussed here. Based on the above functions,  we obtain a simple
solution in the case of known dynamic parameters at the ends of the shaft, if there is a
complete  system of  shaft  sensors.  It  can be  shown that  in  this  case  the dynamic
deflection of the ith shaft W (t, x) determined from 
W(t,х) = W 1iϕ i 1(X)+ ϑ1iϕ i 2(X)+ W 2iϕ i 3(X)+ ϑ2iϕ i 4(X)
To go over to stresses, relation should be numerically differentiated twice along
the x coordinate. The second derivative of W (t, x) in a given section of the rotor is
multiplied  by  the  bending  stiffness  of  the  shaft  and  the  result  is  divided  by  the
moment of resistance of the section. These operations are performed in each plane
(horizontal  and  vertical)  independently,  and  the  results  of  obtaining  stresses  are
summed  up  taking  into  account  the  signs.  In  the  case  of  direct  synchronous
precession of the rotor, the voltage in its sections should not depend on the point in
time. Thus, we obtain stresses at any point of the rotor at any moment of time for
which the boundary parameters are fixed.
Сonclusionsonclusions
1.  A  comprehensive  technique  is  presented  that  allows  one  to  evaluate  the
alternating  voltages  in  the  elements  of  the  shaft  line  at  known specified  relative
movements of the axle in the supports and the absolute vibrations of the supports.
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2.  The proposed  methodology  is  based  on the  use  of  4  sensors  for  relative
displacement  of  the shaft  and a  set  of  sensors  for  the absolute  movement  of  the
support.
3. It is recommended in the future to switch to a comprehensive measurement of
the vibrations of bearings and shaft vibrations, as this will make it possible to assess
the stress state and identify modes of operation of the unit,  which have increased
stresses in the structure.
4. The transition to stress assessment requires a review of all  regulatory and
technical documentation.
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